We propose crystalline silicon solar cells with Al and Au metals. P-type substrates were coated with 100-nm-thick thermally grown SiO 2 layers. The top SiO 2 layer was thinned to about 1.5 nm. Stripes of Al and Au were formed with a gap of 0.29 mm on the top surface in order to cause an internal built-in potential in silicon because of the difference between their work functions. Solar cell characteristics were observed by halogen lamp illumination at 21.7 mW/cm 2 . The short-circuit current density, open-circuit voltage, and fill factor were 5.8 mA/cm 2 , 0.49 V, and 0.57. The conversion efficiency was 7.5%. Photo-induced holes and electrons flowed into Au and Al electrodes, respectively, by the tunneling effect. #
S emiconductor solar cells have been attractive as a device for producing electrical power from sunlight.
1) The conversion power efficiency and production cost are essential points in the advancement of the solar cell industry and its business. Many important technologies have been developed to improve those points, such as shallow PN junction formation, back-surface field formation, defect passivation, and multijunction formation. 2, 3) Simple processing is still attractive for the low-cost fabrication of solar cells.
In this paper, we propose a simple semiconductor solar cell with two different kinds of metals. No PN junction formation is necessary. We first discuss the physics of our solar cell model. We then experimentally demonstrate the fabrication of a solar cell based on our model. We report the characteristics of our solar cell and discuss its technical possibilities.
Figure 1(a) shows a schematic image of the energy band structure of our solar cell model. Two different metals, aluminum (Al) and gold (Au), are selected. Their work functions are reported as 4.18 and 5.1 eV, respectively. 4) When p-type crystalline silicon is sandwiched by Al and Au metals, the difference in the work functions of those metals can cause an internal built-in potential in the silicon. Because the initial Fermi level of silicon is near the work function of Au but far different from that of Al, a large internal potential distribution associated with the depletion region is spatially formed near the Al metal electrode, as shown in Fig. 1(a) . Holes and electrons excited by light illumination in silicon separate from each other according to the internal potential distribution. Holes move toward the Au electrode, and electrons move toward the Al electrodes. However, it is well known that a high density of surface states limits the internal potential height to be low and causes serious recombination of holes and electrons. The semiconductor surface should be passivated to generate a high built-in potential. We therefore introduce thin SiO 2 layers between the silicon and the two metals, as shown in Fig. 1(a) , because the SiO 2 /Si interface is stable and has a low density of interface states. SiO 2 will maintain a high internal built-in potential barrier. An SiO 2 layer thinner than 2 nm is essential to achieve photo-induced carrier flow from silicon to the two metals by the tunneling effect.
5) The conventional metal-insulator-semiconductor (MIS) solar cell or Schottky-barrier solar cell [6] [7] [8] [9] [10] [11] [12] also has a depletion layer formed near one metal electrode, caused by the difference in the work functions between the metal and silicon. However, the other metal electrode is in direct contact with the silicon substrate in those solar cells. In most cases, the surface of silicon is doped to achieve an ohmic contact with the metal. In contrast, the silicon in our solar cell shown in Fig. 1(a) is not in direct contact with any metal electrode and its surfaces are passivated with thin insulator layers. No doping or PN junction formation in silicon is necessary because the difference in the work functions of the metals causes an internal built-in potential in a semiconductor. The tunneling effect allows current to pass through the thin insulators. Figure 1 (b) shows a schematic cross section of the solar cell fabricated with Al and Au metals and a light illumination image for the measurement of solar cell characteristics. P-type single-crystalline silicon substrates with a thickness of 520 mm and a resistivity of 30 cm were Ã E-mail address: tsamesim@cc.tuat.ac.jp used. The band structure shown in Fig. 1(a) is along the dashed curve in Fig. 1(b) . The top mirror-polished surface and rough rear surface were thermally oxidized, and 100-nm-thick thermally grown SiO 2 layers were formed on both surfaces. The SiO 2 layer at the top surface was then thinned with buffered hydrofluoric acid. Thin SiO 2 slightly decreased the optical reflectivity of the surface because of antireflective interference effect. The thickness of SiO 2 was estimated to be about 1.5 nm by analyzing the optical reflectivity spectra. 13) Samples were then annealed at 260 C for 3 h in 1:3 Â 10 6 Pa H 2 O vapor to passivate the silicon surface. 14) On the top surface, stripes of Al with a width of 0.5 mm and Au with a width of 1.0 mm were formed with a gap of 0.29 mm by thermal evaporation. Electrical current as a function of voltage was measured under halogen lamp light illumination at 21.7 mW/cm 2 to the top and rear surfaces. Samples with only Al stripes were also fabricated for comparison.
The minority carrier effective lifetime, eff , was measured by 9.35 GHz microwave transmission measurement. 15 ) eff was 185 ms for the initial silicon substrates with both surfaces coated with 100-nm-thick SiO 2 layers. The silicon surface was well passivated by the SiO 2 layers. When the thickness of SiO 2 films at the top surface was decreased to about 1.5 nm using buffered hydrofluoric acid, eff decreased to 16 ms. This means that the carrier recombination rate at the top surface was increased after SiO 2 etching. The subsequent 1:3 Â 10 6 Pa H 2 O vapor heat treatment at 260 C for 3 h increased eff to 47 ms. Surface passivation was improved by the high-pressure H 2 O heat treatment and eff increased. However, eff did not return to the initial value under the above conditions. Figure 2 shows the absolute electrical current as a function of voltage for samples with Al and Au stripes (a) and samples with only Al stripes (b), in the dark and illuminated with light to the rear surfaces. The electrical current increased as the voltage increased under the dark condition. We believe that tunneling current was observed. Light illumination markedly increased the electrical current. A substantial current at 0 V, indicating the short-circuit current density, was observed for the sample with Al and Au stripes, as shown in Fig. 2(a) . It indicates that photo-induced current was generated because holes and electrons were separated and flowed toward Au and Al, respectively, in accordance with the internal built-in potential. No current appeared at 0.49 V, indicating an open-circuit voltage. On the other hand, no current appeared at 0.02 V for the sample with only Al stripes, as shown in Fig. 2(b) . There was no substantial power generation for samples with only Al stripes because almost the same internal potential distribution was formed underneath Al stripes. Figure 3 shows solar cell characteristics with light illumination to the rear and top surfaces for samples with Al and Au stripes with the structure shown in Fig. 1(b) . Typical solar cell current voltage characteristics were obtained. In the case of light illumination to the rear surface, the short-circuit current density J sc , the open-circuit voltage V oc , and fill factor FF were 5.8 mA/cm 2 , 0.49 V, and 0.57, respectively. The conversion efficiency was therefore 7.5%. Holes and electrons generated at the rear surface traveled across the 520-mm-thick silicon substrate and flowed into Au and Al, respectively. In the case of light illumination to the top surface, V oc and FF were 0.48 V and 0.57, respectively. On the other hand, J sc was 1.8 mA/cm 2 lower than that for illumination to the rear surface because the top surface was shaded by Al and Au electrodes.
The results in Figs. 2 and 3 demonstrate our solar cell model discussed above. However, the present fabrication process was not yet optimized. The series resistivity was estimated to be about 20 cm 2 from the minimum differential resistivity of the solar cell characteristic for illumination to the rear surface shown in Fig. 3 . The V oc of 0.49 V suggests that the two thin SiO 2 layers in the solar cell in Fig. 1(b) were effectively biased by 0.43 V because the difference in the work functions of Al and Au was 0.92 eV. We roughly estimate that each SiO 2 layer was biased by 0.22 V and had an effective resistivity of 10 cm 2 . According to Lo et al.'s report, 5) SiO 2 layers had effective resistivities of 4 Â 10 À3 , 2, and 2 Â 10 3 cm 2 with thicknesses of 1, 1.5, and 2 nm, respectively, when they were applied with 0.2 V. This simple estimation indicates that the SiO 2 thickness was probably greater than 1.5 nm. Moreover, the SiO 2 thickness was not uniform over the substrate. The solar cell characteristics therefore vary locally at the present stage. A formation process of thin SiO 2 should be estab- lished in order to reduce the serial resistance accompanied with increasing FF. eff of 47 ms was short because the effective carrier diffusion length ðD eff Þ 0:5 was low, about 410 mm, where D is the diffusion coefficient of electrons. A surface passivation process should be established to achieve a long eff under the condition of SiO 2 with a thickness of around 1.5 nm. The width of metal stripes and their gap width should be much lower than the effective carrier diffusion length to effectively collect photo-induced carriers. Fine metal electrodes and their patterning must be investigated. A thin substrate should be used for effective carrier diffusion when light is illuminated to the rear surface. We believe that no doping results in a high-efficiency solar cell comparable to conventional silicon solar cells via the optimization of the fabrication processes as discussed above, because there is no carrier recombination associated with defects induced by impurity doping. For our solar cell model, it is essential that the difference in the work functions of two different kinds of metals causes an internal built-in potential in the semiconductor. Many other choices of metals will be possible besides the Al-Au pair used in the present work. For example, a combination of Hf and Au has a large difference of 1.2 eV in the work function. 4) This has the advantage of causing a high internal built-in potential in silicon. Many semiconductors may be used if their work functions are between those of the two different metals.
In summary, crystalline silicon solar cells were demonstrated. P-type 520-mm-thick 30 cm single-crystalline silicon substrates coated with 100-nm-thick thermally grown SiO 2 layers were used. The SiO 2 layer at the top surface was thinned to about 1.5 nm using buffered hydrofluoric acid. Samples were then annealed at 260 C for 3 h in 1:3 Â 10 6 Pa H 2 O vapor. The minority carrier effective lifetime was 47 ms. Stripes of Al with a width of 0.5 mm and Au with a width of 1.0 mm were formed with a gap of 0.29 mm on the top surface by thermal evaporation. Electrical current as a function of voltage was measured between Al and Au stripes under light illumination of a halogen lamp at 21.7 mW/cm 2 to the rear surface. Typical current voltage characteristics of solar cells were obtained. J sc , V oc , and FF were 5.8 mA/cm 2 , 0.49 V, and 0.57, respectively. The conversion efficiency was 7.5%. Holes and electrons generated at the rear surface traveled across the 520-mm-thick silicon substrate and flowed into Au and Al electrodes, respectively, owing to a tunneling effect. These results demonstrated our solar cell physics that a difference in the work functions of two different kinds of metals causes an internal built-in potential in silicon.
